The present debate on the validity of the "acid-growth theory" of auxin (indole-3-acetic acid, IAA) action concentrates on the question of whether IAA-induced proton excretion into the cell wall is quantitatively sufficient to provide the shift in pH that is required to explain IAA-induced growth (see D.L. Rayle, R.E. Plant Physiol 99:1271-1274 for a recent apologetic review of the acid-growth theory). In the present paper a nullpoint method has been employed for determining the growtheffective cell-wall pH i n the presence and absence of IAA after 60 min of treatment. Elongation of abraded maize (Zea mays 1.) and oat (Avena sativa L.) coleoptile segments was measured with the high resolution of a displacement transducer. The abrasion method employed for rendering the outer epidermal cell wall permeable for buffer ions was checked with a dye-uptake method. Evidence is provided demonstrating that externally applied solutes rapidly and homogeneously penetrate into the epidermal wall, whereas penetration into the inner tissue walls is strongly retarded. "Titration" curves of IAA-induced and basal elongation were determined by measuring the promoting/inhibiting effect of medium pH under iso-osmotic conditions in the range of p H 4.5 to 6.0. In maize, the null point (no pH-dependent change i n elongation rate after 5-10 min of treatment with 10 mmol L-' citrate buffer) was p H 5.00 after 60 min of IAA-induced growth, and the null-point p H determined similarly in IAA-depleted tissue (10 times smaller elongation rate) was 5.25. Corresponding titration curves with Avena segments led to slightly lower null-point p H values both in the presence and absence of IAA-induced growth. After induction of acid-mediated extension by 1 pmol L-' fusicoccin (FC) in maize, the null-point p H shifted to 3.9. At 0.5 pmol 1-', FC induced the same elongation rate as IAA but a 9-fold larger rate of proton excretion. At 0.033 pmol 1-', FC induced the same rate of proton excretion as IAA but had no appreciable effect on elongation. The implications of these results against the background of recent attempts to revitalize the acid-growth theory of IAA action are discussed.
The cell-wall loosening process underlying elongation growth of plant organs such as grass coleoptiles is a pHdependent process that can be stimulated by an experimental acidification of the cell-wall solution (Rayle and Cleland, 1970; Hager et al., 1971) . The induction of growth in coleoptile segments by externally supplied auxin (IAA) is accompanied by an excretion of protons into the, cell-wall space (Cleland, 1973) . The "acid-growth theory" postulates that these protons cause an acidification of the cell-wall solution and thereby induce the cell-wall loosening responsible for Supported by Deutsche Forschungsgemeinschaft (SFB 206) . *Fax49-761-203-2712. 351 IAA-mediated growth (Cleland, 1980; Taiz, 1984) . The present debate concerning the validity of the acid-growth theory concentrates on the question of whether IAA-induced proton excretion produces a pH decrease in the cell wall that is sufficient to quantitatively account for the IAA-induced growth response.
The unequivocal resolution of this basic question has so far been hampered by the lack of direct measurements of the cell-wall pH during IAA-mediated growth. Thus, arguments both pro and con regarding the acid-growth theory are based on pH measurements in an externa1 incubation medium in contact with coleoptile segments in which the cuticular diffusion barrier for protons has been partly removed by mechanical abrasion of the outer surface. Vesper (1985) showed that the amount of growth induced by IAA is greater than would be predicted by the apparent pH of the cell-wall solution. There is general agreement that abraded, IAAtreated coleoptile segments can acidify an external mediumor a wound cavity produced by implanting a microelectrode-to a pH as low as 4.5 to 5.0 (e.g. Jacobs and Ray, 1976; Kutschera and Schopfer, 1985a; Cleland et al., 1991; Peters and Felle, 1991; Rayle and Cleland, 1992) . However, the equally important "basal" cell-wall pH of nongrowing coleoptile segments is much less clearly established. Although firm experimental support is lacking, a basal cell-wall pH close to neutrality is an explicit or implicit assumption in many experiments designed to test the acid-growth theory (e.g. Rayle, 1973; Jacobs and Ray, 1976; Vesper, 1985; Cleland et al., 1991; Rayle and Cleland, 1992) . On the other hand, pH values as low as 4.7 have been proposed for the cell wall of IAA-depleted coleoptile segments (Lüthen et al., 1990; Peters and Felle, 1991) . Based on the course of pHresponse curves of acid-mediated growth in comparison with endogenous growth in pure water, it has previously been suggested that the cell-wall pH of coleoptile segments may be close to 5.0 (Schopfer, 1989) .
It is obvious that the precise value of the basal cell-wall pH determines the pH difference that can be produced by IAA-mediated proton excretion and thus represents a critica1 parameter for evaluating the acid-growth theory. For instance, if the basal cell-wall pH were in fact close to 5.0, there would be no appreciable cell-wall acidification by IAA, although the increased rate of proton excretion would rapidly acidify an initially neutra1 external medium down to an equilibrium state at about pH 5.0.
The present paper describes the application of a "nullAbbreviation: FC, fusicoccin. Plant Physiol. Vol. 103, 1993 point" method for the determination of the growth-effective cell-wall pH in Zea and Avena coleoptile segments in the presence and absence of growth stimulation by IAA. This method is based on the assumption that an externa1 solution with a pH identical to the growth-effective pH of the cell wall should neither promote nor inhibit growth.' This nullpoint pH can be obtained by "titrating" growth with a series of buffer solutions in the pH range where growth promotion switches to growth inhibition. The values of cell-wall pH determined in this way represent apparent values in the sense that they do not account for disequilibria in proton concentration between cell wall and outer medium due to Donnan phenomena (Grignon and Sentenac, 1991) . However, the changes of null-point pH caused by IAA treatment should be largely independent of this uncertainty and thus represent a reliable indlcation of the effective pH changes in the growth-limiting cell walls of the organ. Thus, this method should be suitable for demonstrating the contribution of proton excretion in triggering IAA-mediated growth.
MATERIALS A N D METHODS
Coleoptile segments (10 mm) were prepared from 4-d-old maize (Zea mays L.) seedlings (cv Brio, from Asgrow, Buxtehude, Germany) and oat (Avena satiua L.) seedlings (cv Victory, from Svalov AB, Svalov, Sweden) grown at 25.0 f 0.3OC in darkness except for a 10-min red light pulse 24 h before harvest, as described previously (Hohl and Schopfer, 1992a) . Before segments were cut, the coleoptiles were abraded by pulling them two times through a loop of polishing cloth (Vitex No. 364 rouge, Vereinigte Schmirgel-und Maschinenfabriken AG, Hannover, Germany). This treatment removed a large part of the cuticle with very little damage to the epidermal cells (Edelmann and Schopfer, 1989) .
After preincubation for 60 min (Zea) or 90 min (Avena) in pure aerated water, elongation kinetics of single segments were determined by measuring length changes at 25OC with a growth recorder equipped with a linear-displacement transducer as described previously (Kutschera and Schopfer, 1985a) . During measurement, the segments were incubated at 25OC in aerated solutions containing IAA (10 pmol L-I), FC (1 pmol L-I), citrate buffer (citric acid/Na-citrate, 5 or 10 mmol L-' citrate), or Mes buffer (5 or 10 mmol L-' Mes adjusted with NaOH) at various pH values as indicated in the figures. FC was applied from a stock solution (1 mmol L-I) in ethanol. To maintain iso-osmotic conditions during changes of incubation medium, the osmolality of the various buffer media (between 6 and 25 mosmol L-') were measured with a freezing-point osmometer and the related buffer-free media were adjusted to the same osmolality (k2 mosmol L-I). Long-term elongation kinetics and concomitant proton excretion into the incubation medium were measured as described by Kutschera and Schopfer (1985a) using 10 coleoptile segments in 2 mL of 1 mmol L-' KCl solution gassed with a vigorous stream of C02-free air (pH 6.7-6.8).
Data points are means (k estimates of SE) based on 6 to 12 independent measurements.
RESULTS
Because the validity of the acid-growth theory is restric ted to the first 1 to 2 h after the start of IAA-induced grovvth , it is necessary to use this period for experimental tests. Thus, the accurate determination of pH titrat ion curves of elongation growth necessitates the detection of small changes in growth rate within short periods of time. This condition can be met by exploiting the high resolution of a displacement transducer (Kutschera and Schop fer, 1985a) . To make the cell-wall space available for buffer ions, it is necessary to remove at least part of the cuticle at the outer surface of the coleoptile by gentle abrasion. The effectiveness of the abrasion technique currently used in (our laboratory is illustrated in Figure 1 . It is interesting to note that the uptake of solutes into the cell-wall space of the epidermis is very rapid, whereas the inner tissues are reached only very slowly. Thus, as ludged from these dye-uptake studies, it appears that externally applied solutes rapidly and homogeneously penetrate into the epidermal cell wall of abraded coleoptiles, whereas penetration into the "unstirred" cell-wall solution of the inner tissues is strongly retarded. This observation documents the outstanding role of the epidermis in the growth responses of the organ to extemdly applied chemical factors such as hormones, buffers, or inhibitors (Hohl and Schopfer, 1992b) .
Typical recordings of elongation kinetics obtained with abraded maize coleoptile segments in the presence and absence of IAA applied in unbuffered water (pH approximately 5.5) are shown in Figure 2 , a and e. Abrasion reduced the elongation rate by about 30% but had no effect on the relative effect of IAA, which increased the growth rate about 10-fold within 60 to 90 min of treatment (data not shown). The replacement of the IAA medium by a buffer medium (plus +IAA) of equal osmolality after 60 min of IAA-induced growth produced an increase in elongation rate at pH 5 4.75 and a decrease in elongation rate at pH 2 5.25, whereas pH 5.00 was without significant effect (Fig. 2, . Corresponding experiments in the absence of IAA are shown in Figure  2 , f to h. In this case, the elongation rate was promoted at pH 5 5.00 and inhibited at pH 2 5.50, whereas pH 5.25 was ineffective. Although the elongation rates recorded in the absence of IAA were small and varied between 0.5 and 2 pm min-' in different experiments, typical positive or negaiive changes upon addition of buffer could consistently be observed.
To check the results obtained with IAA by means of another effector known to induce proton excretion at the plasma membrane, similar experiments were performed with the funga1 toxin FC. It has previously been shown that lhe rate of proton excretion elicited by 1 pmol L-' FC in maize coleoptile segments is about 10 times larger than that elicited by saturating concentrations of IAA, acidifying the incubatiion medium down to a pH < 4.0, instead of about 5.0 with IAA Schopfer, 1985a, 1985b) . Demonstration by dye uptake of the effectiveness of abrasion of the cuticle of the outer epidermal wall of maize coleoptiles. Abrasion was performed as described in "Materials and Methods." Nonabraded (int., A) or abraded coleoptiles were kept in water for 30 to 60 min and then placed in solutions (5 g L~') of neutral red (NR) or Evan's blue (EB) for the times indicated and photographed within 30 s. Similar results were obtained with coleoptiles incubated for up to 12 h in water between abrasion and staining. Neutral red is a vital stain that accumulates in the cell vacuoles (Lillie, 1977) . Evan's blue penetrates only in cells in which the plasma membrane has been ruptured (Taylor and West, 1980) . B-D, C-l, Progress of staining of epidermal cells by neutral red through holes in the cuticle produced by abrasion. E, F, Staining of damaged cells by Evan's blue after standard abrasion (E) or after the epidermis was intentionally damaged by repeating this procedure 10 times (F). J-K, Hand-cut cross-sections through the middle of abraded coleoptiles treated with neutral red. The stain remains restricted to one to two cell layers even after 30 min of treatment, indicating that diffusion of solutes into the inner tissues of the coleoptile is very slow.
www. with Mes buffers instead of citrate buffers led to slightly higher null-point pH values but a similar difference between the presence and absence of IAA (Fig. 4, inset) . Reducing the concentration of citrate and Mes buffers to half-strength (5 mmol L-') led to results similar to those shown in Figures 2  and 3 , indicating that buffer concentration was not critica1 in these experiments (data not shown). Taken together, these data show that the apparent growth-effective pH in IAAdepleted coleoptiles can be confined to the range of pH 5.2 to 5.4 and that the induction of growth by IAA is accompanied by a pH decrease of about 0.25 units after 60 min of treatment with the hormone. On the other hand, FC (1 pmol L-I), which induces a much stronger proton excretion Schopfer, 1985a, 1985b) , lowers the growtheffective cell-wall pH about five times as much as IAA.
The strikingly different effects of IAA and FC on proton excretion and growth are compared in Figure 5 . FC (0.5 pmol L-') induces elongation of maize coleoptile segments wií h a rate similar to that induced by IAA. However, the rate of proton excretion measured simultaneously in the incubaition medium of these segments is 9-fold larger than with L4A. This disproportion is already detectable after 1 h of FC treatment. Thus, FC obviously requires a 9-fold larger rate of proton excretion to produce the same elongation rate as L4A, even during the very early phase of induced growth. On the other hand, the IAA-induced rate of proton excretion cari be quantitatively simulated with 0.033 pmol L-' FC. However, the elongation rate measured simultaneously in the siime segments was similar to the elongation rate of nontreated control segments except for a slight increase after more than 2 h. This result confirms previous data, obtained with different abrasion and incubation conditions, that have led to the conclusion that IAA-induced proton excretion is quaníita-tively insufficient to cause the IAA-induced growth respclnse (Kutschera and Schopfer, 1985a ).
Since Avena also plays an important role as an experimental material for investigating the mechanism of IAA-mediated growth (e.g. Schopfer, 1989; Cleland et al., 1991; Rayle and Cleland, 1992) , the basic experiments performed with maize ( Fig. 4) were repeated with coleoptile segments from Avena. Figure 6 summarizes the results with Avena coleoptile segments elaborated under experimental conditions similar to those used for maize. The pH titration curves in the presence and absence of IAA were similar to those shown for maize except that the null-point pH values were shifted to lower pH by 0.2 to 0.4 units, both in citrate and Mes buffer. Thus, Avena coleoptiles may differ from maize coleoptiles in having a slightly more acidic apparent growth-effective cell-wall pH. Figure 4 , except that segments were preincubated in water for 90 min instead of 60 min.
DlSCUSSlON
The induction of proton excretion at the plasma membrane seems to be an essential component of IAA action in growing plant organs such as coleoptiles. This is shown, for instance, by the inhibition of IAA-mediated growth by inhibitors of plasma-membrane ATPase function (eg. orthovanadate; Jacobs and Taiz, 1980) . However, whether the induction of proton excretion by IAA leads to an acidification of the cell wall that is sufficient to explain the simultaneously induced growth response depends on severa1 conditions that are not yet well known. These are, for instance, the actual pH sensitivity of the induced growth process, the buffer capacity of the cell wall, and the basal cell-wall pH of the noninduced tissue. The present contribution attempts to provide new information on some of these points by using a null-point method for the estimation of growth-effective cell-wall pH and its displacement during the initial period of IAA-induced growth. This method shares the uncertainty due to the influente of Donnan effects on cell-wall pH with previously used procedures employing a pH electrode for measuring the pH in the solution surrounding the tissue (Grignon and Sentenac, 1991) .
On the other hand, the null-point method has important advantages, because it allows comparison of cell-wall pH and growth rate under conditions of zero net flux of protons and measures cell-wall pH selectively in the growth-controlling tissue of the organ (the outer epidermis; Hohl and Schopfer, 1992b) . Moreover, it should be noted that, although it is dependent on the exchange of protons between tissue and extemal medium, the null-point method is insensitive to the extent of cuticle abrasion. The effectiveness of this unavoid-Plant Physiol. Vol. 103, 1993 able procedure, which is difficult to standardize and has led to divergent conclusions in different laboratories (discussed by Rayle and Cleland, 1992) , should affect only the steepness of the titration curves but not the position of the nu11 point on the pH scale.
The results obtained with the null-point method for IAAand FC-treated coleoptile segments are in good agreement with most previous measurements of maximum medium acidification in conventional assays, resulting in pH values in the range of 4.5 to 5.0 (IAA) and 3.8 to 4.0 (FC) (Cleland, 1976a (Cleland, , 1976b Jacobs and Ray, 1976; Schopfer, 1985a, 1985b) . However, it turns out that the basal pH in the growth-controlling cell walls of the coleoptile may be considerably lower than was hitherto assumed. The proposition of a close-to-neutra1 cell-wall pH (in the range of 6-7) in IAAdepleted tissue that is inherent in many previous investigations ( e g Rayle, 1973; Cleland et al., 1991; seems to be experimentally supported so far only by the measurements of Jacobs and Ray (1976) , who used a micropH electrode inserted into the tissue. However, these measurements are likely to overestimate the actual pH of the cell-wall solution because the solution surrounding the microelectrode tip must have been seriously contaminated by intracellular fluid from damaged cells. A basal cell-wall pH considerably below 5.7 (the equilibrium pH established in water saturated with air) must also be expected because of the presence of acidic cell-wall components and the retention of respiratory COz. In peeled Avena coleoptiles, variable pH values in the range of about 5.2 to 5.8 have been measured with a pH electrode directly in contact with the tissue (Cleland, 19 76b) .
The low basal cell-wall pH of about 5.2 revealed by the null-point method restricts the pH interval available for IAAinduced cell-wall acidification to about 0.3 units, which appears, at the present state of knowledge, to be insufficient to explain IAA-induced growth solely by cell-wall acidification in terms of the acid-growth theory. This would be true even if the actual pH range in which this shift occurs were lower than indicated by the null-point pH measurements due to Donnan effects in the cell wall. However, the observation that IAA-induced proton excretion cannot be increased by K+ ions (Senn and Goldsmith, 1988; Peters and Felle, 1991) suggests that Donnan effects on cell-wall pH may be negligible in the present context and that the pH values obtained with the null-point method are therefore close to the actual cell-wall pH. If this is accepted, it follows that the IAAinduced pH shift takes place in a narrow range around pH 5 .O, which is practically ineffective in inducing acid-mediated cell-wall extension in water-pretreated coleoptile segments such as were used in the present investigation (Kutschera and Schopfer, 1985a; Schopfer, 1989; Cleland et al., 1991; Hohl et al., 1991) .
The pH curves of acid-mediated cell-wall extension on which this statement is based have been recently criticized Rayle and Cleland, 1992) on technical grounds, which require clarification.
First, does a preincubation of abraded segments in distilled water create artifacts resulting, for example from the loss of cations? It is important to note at this point that even a 2-h water pretreatment has no detrimental effects on IAA-induced elongation of abraded maize coleoptile segments (Fig. 2i; Edelmann and Schopfer, 1989) . Therefore, invoking leakage of "Donnan ions" from the cell wall (Cleland et al., 1091; Rayle and Cleland, 1992) is no valid argument against the utilization of water-pretreated segments for testing the acidgrowth theory.
Second, does incomplete abrasion of the cuticle prevent a full expression of the effect of acid buffers? This ad hoc assumption ignores the fact (see figure 1 of Rayle and 121e-land, 1992 ) that penetration of protons into the growthcontrolling outer epidermal wall (Hohl and Schopfer, 1992b) is easily achieved by lateral diffusion between scattered holes in the cuticle even if only a part of the total surface areia is effectively abraded. This can be shown by using the vital dye neutral red as a probe for demonstrating the homogeneous distribution in the outer cell walls of extemal solutes entering the tissue through an inhomogeneously abraded surface (Fig.  1) . Moreover, our abrasion technique allows growth to be inhibited almost completely within a few minutes by drugs such as cycloheximide that are effectively retarded by an intact cuticle (Edelmann and Schopfer, 1989) . It is difficult to imagine why buffer ions should penetrate into the cell-wall space less rapidly than molecules such as neutral red or cycloheximide. It should also be noted in this context that Cleland et al. (1991) explicitly excluded differences in the methods of abrasion as a reason for the divergent pH profiles of acid-mediated cell-wall extension in reports demonstrating critical differences in sensitivity to protons.
In conclusion, there is no good reason why the pH curves of acid-induced cell-wall extension obtained with abraded, water-pretreated coleoptile segments should not provide an experimentally sound basis for demonstrating the actual pH sensitivity of the growth-controlling cell walls of the iritact organ. Results obtained with coleoptile segments from wliich the growth-controlling epidermal wall has been removed by peeling (eg. Rayle, 1973) should be considered with great care in this context, because they may not reveal the properties of the intact organ even if they respond to IAA under certain conditions in a similar manner (Cleland, 1991 . In maize coleoptile segments, we consistently find a drmtically reduced response to external IAA upon careful remova1 of the outer epidermal cell layer, which cannot be alleviated by SUC, K+ ions, or a number of other experimental treatments. However, although the target tissue(s) of IAA in the intact coleoptile is not yet definitely determined, the tlyepermeation studies illustrated in Figure 1 do suggest that growth responses effected by externally applied hormones, buffers, inhibitors, etc. in abraded coleoptile segments are caused primarily by the action of these substances in the outer epidermis. Diffusion in the very narrow, unstirred solution spaces of the inner tissue walls appears much too slow to achieve equilibration with the external solution within a reasonable period of time. This also means that, if cell-wall pH in the inner tissues is at a11 important for IAA-induced growth, its contribution to the growth response of the wl-~ole segment is probably not being taken into account in the experiments with the null-point method. Cleland et al. (1991) argued that the relatively stIong growth-promoting effect of pH 5.0 compared with pH 6.0 revealed by the pH profile measured in abraded coleo~~tile segments directly after their isolation (no pretreatment) is consistent with the acid-growth theory. However, this interpretation critically depends on the assumption that the basal cell-wall pH is 2 6.0. According to an alternative interpretation, these pH profiles represent the pH response curve of endogenous growth, which is quite considerable immediately after segment isolation (Schopfer, 1989) and can be markedly increased by abrasion (my unpublished observation). Evidently, endogenous growth will continue unaffected if the prevalent cell-wall pH (about 5 ) is matched by the externa1 pH. However, raising the pH above this point will inhibit endogenous growth, and this situation can be described, misleadingly, as a stimulation of extension by pH 5 compared with pH 6 if pH 6 is erroneously assumed to represent the basal cell-wall pH in the nongrowing tissue. In addition, it should be noted that only this alternative interpretation can adequately explain the fact that distilled water affects extension similarly to a pH 5 buffer (Schopfer, 1989; Cleland et al., 1991) . The actual pH requirements of acid-induced cellwall loosening are strikingly demonstrated by the growth response to FC, which needs a 9-fold higher rate of proton excretion to cause the same growth rate as IAA and has no appreciable effect on growth at a concentration that simulates IAA-induced proton excretion. This implies that the IAAinduced growth is mediated primarily by a wall-loosening factor other than protons that has not yet been elucidated.
In conclusion, the acid-growth theory is still faced with serious experimental caveats that prevent its being regarded as "alive and well" in 1993.
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